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Resumo
Nos últimos anos, questões sobre alterações climatérico provocadas pelo constante au-
mento das emissões de carbono têm ganho cada vez mais importância. Sendo o uso de
combustíveis fosseis a principal causa deste aumento, o desenvolvimento e melhoramento
de equipamentos capazes de extrair energia de outras fontes mais sustentáveis é essencial.
As turbinas eólicas fazem parte deste grupo, capazes de transformar a energia cinética do
vento em eletricidade. Turbinas eólicas tradicionais usam a força do vento para girar o
rotor a baixa velocidade e, através de uma caixa de engrenagens, aumenta-la para uma
velocidade adequada para a produção de energia no gerador. As caixas de engrenagens,
em particular, têm sido alvos de vários estudos, visto que este equipamentos são propí-
cios a falhas e são bastante caros de substituir. Sabendo o custo destes equipamentos e
que este só começam a dar lucro anos após a sua instalação, os investidores necessitam
de garantias relativamente à sua fiabilidade e eficiência de modo a baixar os custos de
produção de energia e maximizar os lucros esperados. Os bancos de ensaio permitem a
simulação de condições reais num ambiente controlado, sendo possível verificar o estado
da caixa de engrenagens antes da instalação, o que pode prevenir falência prematura e dar
aos investidores e fabricantes informações preciosas sobre os seus equipamentos.
O principal objectivo desta dissertação será o design e dimensionamento de um
banco de ensaios capaz de medir a eficiência de caixas de engrenagens de turbinas eólicas
com potencias até 2.5 MW.
Para isso, foi feita uma pesquisa de forma a avaliar o estado atual da produção de
energia eólica, o tipo de equipamentos disponíveis, as suas características e outros bancos
de ensaio já existentes. A estrutura do banco de ensaios foi então desenhada e os com-
ponentes escolhidos. Uma atenção especial foi dada à caixa de engrenagens do banco de
ensaios, onde 4 soluções diferentes para a transmissão foram testadas. A solução com
melhor desempenho foi então escolhida para otimização. Os programas KISSsoft 2015®
e KISSsys 2015® foram usados no dimensionamento das engrenagens, veios, rolamen-
tos e chavetas. Outros componentes mecânicos foram dimensionados usando equações
baseadas na Mecânica dos Sólidos e em Órgãos de Maquinas
iii
iv
Abstract
In recent years, concerns about climate change caused by the constant increase in carbon
emissions have gained more importance. Being the use of fossil fuels the main cause
for this increase, the development and improvement of equipments capable of harnessing
the energy from other, more sustainable sources is essencial. Wind turbines are one of
these equipments, capable of transforming the kinetic energy of the wind into electricity.
Traditional turbines do this by using the force of the wind to rotate a low speed rotor
shaft and, with the use of a gearbox, increase it to a speed adequate for the generator
to produce energy. Gearboxes, in particular, have been a major focus of research, as
these equipments are prone to failure and very expensive to replace. Knowing the cost
of these equipments and that they only become profitable years after their installation,
investors require assurance of their reliability and efficiency to lower power production
costs and maximize expected profits. Test rigs allow the simulation of real-life condition
in controlled environment, making it possible to check the state of the gearbox before
installation, which can prevent premature failure and give investors and manufacturers
precious information about their equipments.
The main objective of this thesis will be the design and dimensioning of a test rig
capable of measuring the efficiency of wind turbine gearboxes with a rated power up to
2.5 MW.
For this, research was done in order to access the current state of wind energy pro-
duction, the type of equipments available, their characteristics and other existing test rigs.
The test rig structure was then designed and the various components chosen. Special at-
tention was given to the test rig gearbox, where 4 different drivetrain solutions were tested.
The one with the best performance was then chosen for further optimization. KISSsoft
2015® and KISSsys 2015® software were used in the dimensioning of gears, shafts, bear-
ings and key joints. Other mechanical components were dimensioned using equations
based on Solid Mechanics and Machine Elements.
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Chapter 1
Introduction
Energy is the motor of human evolution. Since the discovery of fire, every breakthrough
in energy production and how to use it has stretched the limits of human civilization.
However, since the industrial revolution, energy production has been supported mainly
by fossil fuels, originating growing concerns about it’s effect on the environment. As a
consequence, governments have been pushed to promote a shift from fossil fuel usage to
more sustainable alternatives. This is only possible by discovering new and more efficient
ways to harness the power of nature.
Wind has been used for millennia as a source of power, from transportation to food
processing. However, in today’s world, energy has to be produced, transported and stored
for usage on demand. This is possible by converting wind energy into electric power
with the aid of equipments like wind turbines. These have various designs but the most
common is the horizontal axis turbine with the rotor connected to a single gearbox plus
generator.
In the last decades, there has been an increasing demand for more powerful, effi-
cient and reliable turbines. Wind turbines for commercial energy production are a large
investment and producers only start making profits several years after the installation.
Therefore, producers want to avoid turbine downtime as much as possible, recouping
their money sooner and increasing potential profit during the turbine’s life time. One
of the main causes of downtime is drive train maintenance, being gearbox repair one of
the most costly. In order to lower power production costs, companies need to guaran-
tee maximal efficiency of the gearbox after repair. The test rig permits the simulation of
the working conditions of the gearbox without the costly and time-consuming process of
installing and disassembling it from the wind turbine, reducing it’s down time.
1
2 Introduction
1.1 Objectives
The main objective of this thesis is the design and dimensioning of a test rig for efficiency
measurements of newly repaired wind turbine gearboxes up to 2.5MW. KISSsoft 2015®
and KISSsys 2015® softwares will be used for calculations related to most mechanical
elements in the gearbox so the understanding and mastering these softwares is a vital
component of this work. The motor, generator and measurement instruments will be
chosen from online catalogs from manufacturers and suppliers.
Different gearbox configurations will be proposed and compared and a final solution
will be chosen for optimisation. Drawings of the gearbox and some of its components
built in SolidWorks 2016® will also be presented.
1.2 Thesis structure
This document is structured in several chapters. The references and appendixes can be
found at the end.
Chapter 2
Chapter 2 starts by presenting the current state of energy production, the evolution of
wind power and it’s share in the global energy production. Then, focus will shift to wind
turbines, the different types and some of their characteristics, and their gearboxes, the
design, the nature of gearbox failure and other alternatives in the market. Finally, the
test rig is addressed, presenting existing solutions that will be the base for the test rig to
design.
Chapter 3
Chapter 3 will start with a market research to discover the main manufacturers and the
wind turbines they have available, focusing on those in the scope of this work. After
knowing their characteristics, the test rig design and material selection is presented, ex-
plaining the reasoning behind each powertrain component choice and an analysis and
comparison of 4 gearbox configurations.
1.2 Thesis structure 3
Chapter 4 and 5
Chapter 4 will present the final solution, showcasing the modifications made to opti-
mise the solution, required components added the final results. Chapter 5 contains the
SolidWorks® drawings constructed.
Chapter 6
This last chapter will contain the conclusions of the dissertation and propose some future
work to complete the proposed objective.
4 Introduction
Chapter 2
Wind Energy and Turbine Technology
2.1 Wind energy production
As stated previously, energy is fundamental to how our society works. Knowing that
energy production is a huge market, many companies have specialized in this area. In
order to assess the importance of wind energy production at a global scale, it is important
to know its share in global energy production. Figure 2.1 and 2.2 show the world energy
production in 2015 by fuel in Mtoe1 and the world electricity production in 2015 by fuel
in TWh respectively.
Figure 2.1: World energy production in 2015 by fuel [1]
11 Mtoe = 11.63 TWh = 41.868 GJ
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Figure 2.2: World electricity production in 2015 by fuel [1]
By analysing both figures, it is clear that fossil fuels dominate energy produc-
tion with 81.6% and electricity production with 67.4%. High energy density, low price
and easy transportation and storage of these fuels have been the main reasons for their
widespread use. However, growing concerns of its effect on the environment have mo-
tivated a shift from these fuel to more sustainable alternatives. Taking a more detailed
look at the electricity production in table 2.1, although wind power is just a fraction of the
3.4% of all electricity generated, no other source of fuel has a growth rate as high. This
shows the investment and the breakthroughs being made in the wind energy sector, with
a higher number and more powerful wind turbines being installed every year. This trend
is clearer in the European Union. Table 2.2 shows the evolution of the EU’s cumulative
installed capacity and gross electricity production regarding wind power. With an almost
negligible amount of wind power production in 1995, EU has managed to invest and pro-
mote wind energy production, resulting in an exponential growth of both capacity and
gross production. Some countries stand out, such as Denmark and Portugal with 35.5%
and 24.4% cumulative installed capacity share and 32% and 23.3% gross production pen-
etration level2 in 2013.
Taking into account that wind turbines have an expected life-time of 20 years and
that only recently have there been alternative designs that abandon the traditional gearbox
design, there is a big market for companies who repair wind turbine gearboxes, which
means that a test rig is a good investment to assure clients that their gearbox is in the best
condition possible.
2Wind gross electricity production penetration level [%] =
Wind gross electricity production [TWh]
Gross electricity demand [TWh]
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Table 2.1: World electricity production by fuel in TWh [1]
1995 2000 2005 2010 2013 2013(%)
Solid Fuels 4 990 6 002 7 319 8 666 9 613 41.2%
Petroleum and Products 1 231 1 205 1 146 959 1 028 4.4%
Gas 2 027 2 752 3 700 4 807 5 075 21.8%
Renewables 2 639 2 840 3 299 4 213 5 046 21.6%
-Hydro 2 480 2 620 2 932 3 441 3 790 16.3%
-Solar/Wind/Other 10 35 119 381 789 3.4%
-Biofuels and Waste 133 170 237 380 461 2.0%
-Geothermal 40 52 58 68 72 0.3%
Nuclear 2 332 2 591 2 768 2 756 2 478 10.6%
Other 25 37 49 60 68 0.3%
Total 13 244 15 426 18 282 21 460 23 707 100%
Table 2.2: EU’s wind cumulative installed capacity and wind gross electricity production
[1]
1995 2000 2005 2010 2012 2013
Cumulative
Installed Capacity
Total [MW] 2 447 12 711 40 569 84 624 106 421 117 936
Share (%) 0.4 1.9 5.4 9.6 11.2 12.3
Gross Electricity
Production
Total [TWh] 4.1 22.3 70.5 149.3 206.0 235.0
Pen. Level (%) 0.1 0.7 2.1 4.4 6.2 7.2
2.2 Wind turbine design
2.2.1 Types of turbines
Wind turbines have 3 key parts:
• The blades, which harness the power of the wind by resisting the flow of air, creating
a rotational motion;
• The rotor shaft, which transmits the torque generated by the blades;
• The nacelle, which contains all the components necessary to convert mechanical
movement into electricity.
The different shape of the blades, orientation of the shaft and components in the
hub originate the different designs. Firstly, wind turbines can be divided in 2 main
groups: Vertical axis wind turbines (VAWTs) and horizontal axis wind turbines (HAWTs).
VAWTs, such as the Darrieus designs (figure 2.3), have several advantages, such as
generating power regardless of wind direction and possibility to have the hub near the
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foundation, which translate into fewer components and easier and cheaper maintenance.
Nonetheless, it’s disadvantages make a strong case against VAWTs wind farms. Low ef-
ficiency due to not all blades contributing to power generation and frequent maintenance
as result of dynamic loads on the blades and other components make them unattractive to
investors expecting to maximize energy production and lower power production costs [2].
Figure 2.3: Different Darrieus wind turbine designs [3]
HAWTs, on the other hand, have their nacelle mounted on a tower and are pointed
towards the wind to reach maximum efficiency. This has been the preferred design for
utility-scale wind farms. Figure 2.4 shows the components of conventional HAWTs. Al-
though this design represents the majority of wind turbines installed, research is being
done in new ways to solve the problems and limitations of traditional gearbox turbines,
with some alternatives already available in the market.
Figure 2.4: Conventional horizontal axis wind turbine structure and components [4]
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2.2.2 Turbine gearboxes
Wind turbine gearboxes have the role of converting the slow rotation of the rotor shaft
into a speed more suitable for power generation. Seeing that the reduction required is
around 1:100, these equipments have the challenge of having to be reliable, efficient and
compact. Naturally, the rated power of the gearbox conditions its design. Even though
the chosen design is up to the manufacturers, it is common for lower power gearboxes
to have 2 parallel stages and 1 planetary stage, while more powerful designs have more
planetary stages and less parallel stages. This is due to planetary stages having higher
power density and higher torque capability than parallel stages, being able to distribute
the torque between the planets. Figure 2.5 displays 3 gearbox designs for different rated
power ranges produced by Bosch Rexroth3.
Figure 2.5: Bosch Rexroth® designs of wind turbine gearboxes for various rated power
[5]
Naturally, the scale and complexity of these equipments result in gearboxes repre-
senting a large portion of the price to pay when investing on a wind turbine. Therefore,
research has and is being made in how to prevent gearbox failure. This topic will be
explored in the following section.
2.2.2.1 Gearbox failure
Gearbox failure is a major concern for investors and has been the focus of many researcher
over the years. According to Ragheb and Ragheb [6], in the 1990s, the wind turbine
market was rapidly expanding. The demand was high and many units were installed
before proper testing regarding durability and long term maintenance requirements for
wind turbines were made. This resulted in a multitude of failures like cracking wind
blades, short circuits and gearbox failure. Regarding the latter, a severe underestimation
of the operational loads and inherent gearbox design deficiencies resulted in unreliable
gearboxes. This lead to an expected lifetime of 4 to 5 years for gearboxes, way below the
3In 2015, the company ZF Friedrichshafen AG acquired the industrial gears and wind turbine gearbox
segment from Bosch Rexroth.
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20-year design lifetime of the wind turbine. Seeing that gearbox replacement accounts
for roughly 10% of the construction and installation cost of a wind turbine, replacement
greatly affects the power production cost and expected profit of investors.
One of the main reasons for gearbox failure is the random gusting nature of the
wind. Gusts of wind create uneven loading on the rotor blades, which translate to a
bending torque load being transmitted to the rotor shaft. This bending load will ultimately
result in uneven loading of the gearbox bearings and misalignment of the gear teeth. The
uneven loading lead to premature bearing failure and the misalignment causes uneven
wear on the gear teeth, which lead to further misalignment, in a positive feedback loop.
Currently, manufacturers account for these effects and researchers simulate and de-
velop new ways to extend the lifetime of gearboxes. Nevertheless, new alternatives have
emerged that abandon the traditional gearbox wind turbine design, with new approaches
to overcome the limitations of traditional gearbox designs.
2.2.2.2 Alternative solutions
The main alternative to the traditional gearbox design is a Direct-Drive wind turbine. As
the name implies, in these turbines, the rotor shaft is directly connected to the generator,
eliminating the need of a gearbox, as seen in figure 2.6. This is achieved by increasing the
number of magnetic poles in the generator. This is necessary because electric power must
be produced with a frequency close to the power grig frequency, 60 Hz in the United States
and 50 Hz in Europe. The following equation shows the relationship between frequency
f , generator shaft speed vgen and number of poles npoles.
f = npoles
vgen [rpm]
120
[Hz] (2.1)
Typical generators have 4 poles, which means a shaft speed of 1800 rpm and 1500
rpm is required to achieve 60 Hz and 50 Hz respectively. However, by drastically increas-
ing the number of poles, the needed shaft speed can drop to typical rotor shaft speeds.
A 400-pole generator is capable of producing power at 50 Hz with a speed of 15 rpm,
which is a typical value for rotor shaft speeds. Therefore, the use of this generator elimi-
nates the need of a gearbox and the lower number of moving parts lead to a more reliable
and efficient turbine. However, these generators are heavy and very expensive. This is
due to their size, with a larger diameter than usual which translates to the need for large
quantities of rare and expensive materials for the magnets, and the tight manufacturing
tolerances needed. This results in a turbine about 25% heavier and 30% more expensive
than tradicional wind turbines, with their application reserved for higher rated power tur-
bines. Nevertheless, their high reliability make them interesting choice for offshore wind
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farms, where maintenance is difficult and expensive. Furthermore, if the use of supercon-
ductor materials become a reality, this design would benefit greatly, as it would decrease
the mass and volume and increase the maximum rated power of these equipments.
Figure 2.6: Example of a Direct-Drive wind turbine [7]
Another alternative is a torque split wind turbine design. These turbines rely on
a multiple-path gearbox design which allows them to split the torque of the rotor shaft
evenly between multiple shafts, each connected to a generator as seen in figure 2.7. In
the 2.5 MW Clipper Liberty wind turbine’s case, abandoning the planetary gear system in
favor of double helical gears allows a larger gear facewidth, leading to smaller deflections
and smaller diameters, and lower gear tolerances, lowering manufacturing costs. Another
advantage of this design is, in case of failure of components after the torque split, it is
possible to remove and repair the components of a single path without shutting down the
entire turbine, with the Clipper turbine working at 75% until the repair is finished.
Figure 2.7: Torque splitting between four electrical generators on the 2.5 MW Clipper
Liberty wind turbine [6]
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2.3 Wind turbine test rig
The evolution of wind turbine technology is a consequence of constant research done
by the scientific community. Test rigs open the possibility to simulate various scenarios
without the need of on-site testing, avoiding the installation and dismantling of gearboxes
which are both costly and time-consuming.
The National Renewable Energy Laboratory (NREL) is a United States federal lab-
oratory that focus on developing technologies and practices regarding renewable energy,
wind included. It has dynamometer test facilities equipped with test rigs capable of sim-
ulating the complex stresses present in working wind turbines. It currently has 3 test rigs:
225 kW, 2.5 MW and 5.8 MW dynamometers. This range of power allow NREL to test
the majority of wind turbines in use and conduct research on new solutions to improve
wind turbine efficiency and reliability. Seing that the scope of this work is limited to the
testing of gearboxes under 2.5 MW, a more detailed analysis of the 2.5 MW dynamome-
ter is made. Figure 2.8 shows the 2.5 MW test rig with the wind turbine being tested
installed.
Figure 2.8: NREL dynamometer test stand with the test article installed [8]
The diagram in figure 2.9 clearly shows the main components of the test rig. A 2.5
MW induction motor provides power to the drive train and a 3-stage epicyclic reducer
lowers the output speed of the motor to real-life wind turbine rotor speeds, allowing a
speed range between 0 and 30 rpm. Before connecting to the test turbine, a non-torque
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loading system enable the loading of axial and radial forces on the shaft, allowing the
study of the effects of shaft bending and axial stresses on turbine bearings and gears.
Finally, the power runs through the test turbine and the generator returns energy to the
power grid or to a controllable grid interface, allowing the study of the behavior of the
test turbine to power grid disturbances [9].
Figure 2.9: Diagram of NREL 2.5 MW dynamometer test facility [8]
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Chapter 3
Test rig design and dimensioning
3.1 Market search
The test rig’s purpose is to supply power to the test gearbox and analyse its performance
with the aid of measuring instruments. In terms of the characteristics relevant for the
test rig dimensioning, just 1 parameter must be determined for the gearbox being tested:
it’s input speed. Therefore, knowing the top wind turbine manufacturers and the kind of
equipments they have available is the best way to determine the input speed. Figure 3.1
shows the top 10 wind turbine manufacturers, sorted by their market share in 2015 based
on sales. With this information, we can focus on the top 5 manufacturers, which represent
41.8% of the market share.
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Figure 3.1: Wind turbine manufacturers’ market share in 2015, based on sales [10]
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Consulting the top 5 manufacturers’ online catalogs, we discover that Goldwind
specializes in direct drive wind turbines, which don’t use a gearbox and that Vestas and
GE Wind don’t provide the technical specifications needed to set test conditions. As for
the rest, we obtain the following models for the most powerful turbines under 2.5 MW.
Table 3.1: Most powerful conventional wind turbines under 2.5 MW models and
characteristics [11, 12]
Manufacturer Siemens Wind Power Gamesa
Model SWT-2.3-82 SWT-2.3-120 G106 G126
Rated Power [MW ] 2.3 2.3 2.5 2.5
Rotor speed [rpm] 6 - 18 5.5 - 12.5 7.7 - 14.6 7.1 - 12.9
Rotor diameter [m] 82 120 106 126
Gearbox ratio 1:91 1:120 1:129.7 1:98
With this information, it is possible to set the test conditions of the test rig. Since
the test rig has to be able to test a wide range of gearboxes and rotor speeds vary, as seen
in table 3.1, an input speed of 15 rpm is chosen as the input speed fot the test gearbox.
3.2 Test rig design and component selection
In this section, the focus will be on defining the test rig structure, explaining the choices
of the components and dimensioning the mechanical elements. Components are selected
from selected manufacturers’ catalogs and the dimensioning mechanical elements is based
mainly on KISSsoft® calculations.
3.2.1 Defining the powertrain
Though NREL’s 2.5 MW dynamometer is able to measure the efficiency of the test gear-
box, it has functions that are irrelevant for such an application, such as the non-torque
load system. Therefore, a simpler design can be adopted. Figure 3.2 represents the cho-
sen powertrain.
The main components are the motor, providing power to the drivetrain, the reduction
gearbox, responsible for reducing the output speed of the motor to a speed similar to
those of wind turbine rotors, the test gearbox and the generator, providing a resistant
torque and generating electricity. Connecting these components are the couplings, making
the installation and replacement of those components, mainly the test gearbox, simpler.
Before and after the test gearbox, there are transducers, measuring instruments that make
possible the calculation of the gearbox’s efficiency. The positioning and alignment of the
equipments is done using 2 positioning tables.
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Figure 3.2: Test rig powertrain diagram
3.2.2 Motor and generator
The motor was chosen taking into account the type of motor of the NREL dynamometer
and the required 2.5 MW rated power needed for the application. By consulting Siemens’
catalogs a three-phase induction motor was chosen, the Siemens H-compact 1LA4 636-
4CN80
Table 3.2: Siemens H-compact 1LA4 636-4CN80 electrical motor characteristics [13]
Rated Power [kW ] Speed [rpm] Torque [Nm] Efficiency [%]
Full load 3/4 load
2470 1495 15778 97.3 97.2
(a) Siemens H-compact 1LA4 motor (b) LOHER Wind Generator DFIG
Figure 3.3: Test rig’s chosen motor and generator [13, 14]
As for the generator, besides providing a resistance torque, it also should be able to
repurpose the energy not lost by friction in the powertrain, with the grid only supplying
the lost power, reducing the energy consumption of the test rig. For this application, a
doubly-fed induction generator (DFIG) was chosen, as most conventional wind turbines
use this type of generator. These are capable of remaining synchronized with the grid, de-
spite varying rotor speeds. Although rotor speed should not vary in a determined test, the
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possibility of test gearboxes having different gear ratios ultimately causes varying output
speeds, making this an interesting solution. Siemens has a line of DFIGs, the LOHER
Wind Generator DFIG, that have a power range from 0.6 MW to 10 MW. However,
these equipments are not cataloged, as they are tailored according to fit a specific applica-
tion, with their characteristics only known after consulting with Siemens. Even though,
such an application would require a DFIG with a rated power of 2.5 MW.
Note: This is just a preliminary selection. The motor and generator have not been
chosen with price or efficiency in mind, just to meet the requirements. Optimization may
be in order.
3.2.3 Transducers
The transducers, mounted directly before and after the test gearbox, have a major role
as they are the instruments that make possible the calculation of the gearbox’s efficiency.
Knowing the input velocity and gear ratio of the test gearbox and by measuring the torque
on the input and output shafts, both input and output power can easily be calculated, which
leads to determining the power loss and efficiency of the test gearbox.
Firstly, the maximum expected torque and speed must be determined for the input
and output shafts of the test turbine. As stated before, the input speed is set at 15 rpm.
Knowing that the power in the drivetrain cannot be higher than the rated power of the
motor, the input torque can be calculated by:
Tin =
P
vin× pi30
=
2470000
15× pi30
= 1572451Nm (3.1)
with Tin being the input torque in Nm, P being the power in W and vin being the input
shaft speed in rpm. As for the output, since gear ratios may vary, so to will the output
speed and torque. Therefore, a range of speed and torque will be calculated, with the
transducer meeting the requirements for both ranges. The output speed and torque can be
calculated with the following equations.
Tout = Tin× i ; vout = vini (3.2)
Taking into account the limit value for the gear ratio i presented in table 3.1, the output
torque and speed range can be calculated. Considering a gear ratio range of 1:90 to 1:130,
we obtain the values in table 3.3.
Starting with the output, by contacting with instrutechSOLUTIONS it was discov-
ered that rotary torque transducer would be adequate for this need, recommending a Da-
tum Electronics’ M425-S5-B. With a torque range of 20 kNm and a maximum speed of
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Table 3.3: Transducers’ limiting parameters
Input speed [rpm] Input torque [Nm] Output speed [rpm] Output torque [Nm]
15 1572451 1350 - 1950 12096 - 17472
2000 rpm, this transducer meets the requirement previously set.
Figure 3.4: Datum Electronics® M425 rotary torque transducer [15]
Regarding the input, instrutechSOLUTIONS offered a different solution, since it
was concluded that standard equipments usually cannot measure such high torque. They
recommended another Datum Electronics equipment, a Shaft Power Measure Kit (SPMK).
The working principal behind this system is knowing the strains on the surface of the shaft
using strain gauges and using Solid Mechanics and Material Science to know the stresses
and, ultimately, the shaft torque. This system has 3 main components, as seen in figure
3.5: the strain gauge bridge, the transmitter and the receiver. The strain gauge bridge
is a device composed of 4 strain gauges mounted in a Wheatstone bridge configuration
capable of measuring the small strains induced by the torque load by varying the gauge’s
electrical resistance. The bridge connects to the transmitter, which generates a 2.4 GHz
wireless signal, and both rotate with the shaft. The receiver then detects the signal, sends
it to instrument interface that can connect to a PC by USB or a data acquisition station to
display and record the data. The receiver also measures the shaft speed using its infra-red
speed sensor, which detects the transmitter once per revolution, in order to calculate the
power transmitted by the shaft.
3.2.4 Couplings
Couplings are components whose function is to connect and transfer power between me-
chanical components, with the added benefit of allowing some shaft misalignment and
by facilitating the assembly and disassembly of components. There are many types of
couplings but taking into account the high power and torque of this application, disk and
20 Test rig design and dimensioning
(a) Strain gauge (b) Transmitter (c) Receiver
(d) Full system
Figure 3.5: Datum Electronics® Shaft Power Measure Kit [16]
gear couplings are the most appropriate. Between these 2 solutions, gear couplings were
chosen as gear couplings allow greater misalignments, have higher torque capacity and
usually have a more compact design.
Gear couplings may have different configurations, but they have the same main
parts: 2 hubs, where the shafts connect, and a sleeve, which gears with one or both hubs.
Consulting Rexnord’s gear coupling catalog [17], this company is capable of supplying all
the required couplings, as the torque range of their products range from 1 kN to 8000 kN.
Following the standard selection method present in the catalog, the first step is to
determine the system torque. Looking back at Tables 3.2 and 3.3, we already have this
information. The second step is to determine the appropriate service factor. The service
factor is a parameter that translates the variation of torque in the system. Applications with
large load variations and shock loadings have a higher service factor and thus require a
higher coupling torque rating. For this application, taking into account that the test rig
does not work continuously and that shock loads are not expected, a rating of 1.5 was
selected. With both the rated torque and service factor, the required minimum coupling
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rating can be determined with the following equation
Minimum Coupling Rating = Service Factor×Torque (3.3)
which leads to table 3.4. With this information, the coupling type and size can be chosen
and other characteristics such as bore diameter can be determined. The types selected
were a G20 design for the low torque shafts and a G Large Gear Coupling for the high
torque shafts as seen in figure 3.6. These are double engagement couplings, which means
both hubs connect with the sleeve through a gear connection, which have the benefit of
allowing larger misalignments while keeping a compact design. Considering only the
minimum coupling ratings required, a size 1040 for the low torque shafts and a size 2200
for the high torque shaft are the smallest coupling sizes capable of withstanding the loads.
However, shaft ends may have diameters larger than the maximum bore size available and
will require the use of larger couplings. The rated torque and maximum speed of these
two couplings is presented in table 3.5. From all the couplings necessary for the assembly
of the test rig, only the motor output shaft coupling can be determined, since test gearbox
shafts will vary in size and the generator shaft can only be known after ordering. To note
that between the test gearbox and generator, 2 couplings will be needed, one connecting
the test gearbox to the rotary transducer and another connecting the transducer to the
generator.
Table 3.4: Minimum coupling ratings required
Motor output Test gearbox input Test gearbox output (max)
23667 Nm 2358000 Nm 26200 Nm
Figure 3.6: Gear coupling types chosen [17]
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Table 3.5: 1040G20 and 2200G20 gear couplings’ characteristics4[17]
Model Rated MaximumTorque [Nm] Speed [rpm]
1040G20 30607 3600
2200G20 2847216 370
3.2.5 Reduction gearbox
The reduction gearbox is a critical component responsible for converting the high speed/low
torque output of the motor into a speed and torque found in wind turbine’s rotor shaft.
With that in mind, a deeper analysis was made regarding this component.
Firstly, the number and type of gear stages of the reducer must be determined. See-
ing that the function of this gearbox is basically the inverse of a typical wind turbine
gearbox, a similar design with the power flow in the opposite direction is adopted. Going
back to figure 2.5, since Bosch Rexroth’s 2 parallel stages and a single planetary stage
fully covers the power range needed of this application, a stage configuration similar to
figure 3.7 in will be used.
Figure 3.7: Bosch Rexroth® wind turbine gearbox design for a rated power of 2.5 MW
[5]
To obtain a 15 rpm output from a 1495 rpm input, a gear ratio of 99.67:1 is needed.
In order to simplify some calculations, a ratio of 100:1 and an input speed of 1500 rpm
will be considered. As for the gear ratio of each stage, a ratio of 7:1 was selected for
the planetary stage, as it is within the range for wind turbine applications [18], and both
parallel stages with equal ratio as to reach the 100:1 needed. Knowing that the total gear
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ratio is the product of the ratio of each stage, the parallel gear ratio can be calculated by
the following equation.
iparallel =
√
itotal
iplanetary
≈ 3.78 (3.4)
Having decided the stage number, types and gear ratios, focus can shift to the actual
design of the gearbox. It was decided that the reduction gearbox would be divided in 2
separate gearboxes, one with the parallel stages and the other with the planetary stage.
This decision was made considering that there is limited modifications that can be made
in terms of the configuration of a planetary stage, requiring a rather extensive amount of
time invested for few improvements. This part would be purchased from a manufacturer.
On the other hand, the parallel stages offer more flexibility in their configuration, allowing
the study and comparison of different solutions.
With this in mind, 4 different solutions were compared by changing 2 variables:
gear arrangement and gear type. In terms of gear arrangement, 2 configurations were
considered, single branch and double branch reductions, both visible in figure 3.8. Al-
though more complex and costly to implement, a double branch reduction, by splitting
the torque, results in lower stress at the base of the gear teeth, as each meshing only trans-
mits half the torque. This results in smaller gear modulus and smaller gears and can be a
more compact solution than single branch reduction.
(a) Single branch reduction (b) Double branch reduction
Figure 3.8: Gear arrangements considered for analysis [19]
As for gear type, 2 gear types were selected: single helical and double helical gears,
as seen in figure 3.9. For this application, spur gears are inadequate as the high speed
in the input shaft would generate a considerable amount of noise and have a lower load
capacity. A helical gear solution runs more smoothly due to a higher contact ratio between
gears, having multiple teeth in contact at all time.
4Torque has been converted to metric units.
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Double helical gears main advantage over single helical is the absence of the axial
load on the shaft. Single helical gears produce an axial load because the load generated
between the pinion and the gear teeth during the torque transmission is normal to a plane
tangent to the teeth profiles, which is not parallel to the shafts’s axis, dividing the force
into a radial and axial component. This axial component may be considerable, taking into
account the torque being transmitted, and will require tapered roller bearings and other
considerations while dimensioning the gearbox. On the other hand, double helical gears
eliminate this axial load by having 2 helices, a right-handed helix and a left-handed helix.
Both generate an equal axial load but in opposite directions, canceling each other out,
which may lead to a simpler design.
(a) Single helical gears (b) Double helical gears
Figure 3.9: Gear types considered for analysis [19]
In the following sections a more detailed description of the process will be de-
scribed. Both gear types will be compared in each arrangement and a final comparison
will determine the solution chosen for this application.
3.2.5.1 KISSsoft® simulation
Having defined the variables, the simulation and comparison of the 4 solutions can be
presented. For this analysis, 2 gear arrangements were chosen and the single and double
helical gear solutions were implemented on both. To simplify this comparison, only 3
components are implemented in the model, namely the gears, shafts and bearings. Gear
dimensioning was made in the cylindrical gear pair module in KISSsoft® with the help
of rough and fine sizing tools. Shaft and bearing dimensioning were made in the shaft
calculation module.
Figures 3.11 5 and 3.12 show the KISSsys® 3D models and kinematic diagrams
respectively for both gear arrangements with the main mechanical components. This
single branch configuration was chosen in order to have a simpler gearbox case design by
having the bearings supported by the case walls, with no need for internal walls. As for the
5The figure represents the 3D models relative to the single helical gear solution. Its purpose is to show
the configuration of the arrangements, which are similar for both gear types.
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double branch arrangement, the same criteria was used with the addition of assuring that
the input and intermediate shafts planes and the horizontal plane form a small angle, as to
reduce the radial load on the input shaft. This is due to the fact that meshing gears generate
a radial and tangencial force and the closer the input and both intermediate shafts are to a
planar configurations, the more these forces cancel each other out, as seen in figure 3.10.
This is important to guarantee that the input shaft diameter does not limit the minimum
size of its pinion, as a slight oversizing of the pinion will cause a large increase in gear
size. For both gear types, an angle of 15◦ between shafts was considered.
In order to get reliable data for comparison, KISSsys® and KISSsoft® parameters
must not differ much between the solutions as to not lead to false conclusions. Therefore,
it is important to set a few of the most important parameters. The input speed and power
are set at 1500 rpm and 2.5 MW respectively and the direction of rotation of the input
shaft is clockwise. As for materials, after consulting the Ramada® catalog [20] and tak-
ing into account the large torques and loads being transmitted, a G15 Special (Euronorm
18 CrNiMo 7-6) case-hardened steel and a G12 (Euronorm 30 CrNiMo 8) alloy steel were
selected for the gears and shafts, respectively. Their mechanical properties are presented
in table 3.6 6. As for lubrication, the KISSsoft® default parameter was used: oil bath at 70
ºC using an ISO VG 220 mineral oil. The default minimal safeties for gears in KISSsoft®
are 1.4 for root safety, 1 for flank safety and 1.8 and 2 for scuffing safeties regarding
integral and flash temperatures respectively. KISSsoft® warns that the methods used to
calculate scuffing safety are controversial and that too much importance should not be
given, especially if the results for scuffing at flash and integral temperature are very dif-
ferent. Therefore, root and flank safeties will be the limiting factors for gear calculations.
KISSsoft® also has a tool to determine the profile shift coefficients for several conditions
of which, for this analysis, optimal specific sliding was chosen.
Table 3.6: G 12 and G 15 Special material properties
Component Yield strength Tensile strengh Surface Hardness
Core Surface
G 12 Shafts 1050 MPa 1250 MPa 266 HBW 266 HBW
G 15 Special Gears 850 MPa 1200 MPa 325 HBW 61 HRC
Regarding shaft and bearing dimensioning, the shafts length and components’ po-
sition were maintained in each arrangement, as to limit the influence of support and load
positions in this comparison. That information is presented in table 3.7 7. The default
6The mechanical properties were taken from the material database found in KISSsoft® , as these are the
values used in the calculations.
7Position is the distance between the load application point for that component and the beginning of the
shaft from the input side.
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Figure 3.10: Reaction forces on a driving gear in a planar double branch arrangement
(a) Single branch (b) Double branch
Figure 3.11: KISSsys 3D models
(a) Single branch (b) Double branch
Figure 3.12: KISSsys® kinematic diagrams
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safety factors for shafts are 1.2 for both static and fatigue safeties. The bearings were
selected from the bearing database in KISSsoft® for a minimal life of 20000 h calculated
using the classical method present in the manufacturers’ catalogs.
Table 3.7: Shaft length and components’ position
Arrangement Single Double
Shaft Input Intermediate Output Input Intermediate Output
Shaft length [mm] 900 800 900 650 620 750
Bearing position [mm] 200/820 80/720 100/700 150/600 50/550 70/550
Gear position [mm] 400 280/500 500 300 200/370 370
3.2.5.2 Results
Starting with the single branch arrangement, the first thing to do is the gear dimensioning.
Using the rough and fine sizing tools to estimate the required input parameters and after
some manual changes, we obtain the parameters in table 3.8. The most important results
from the KISSsoft® reports are presented in table 3.9. The shaft and bearing dimensioning
results can be seen in Tables 3.10 and 3.11, respectively. A additional parameter was
added to the shafts table regarding the limiting factor, in other words, the component
responsible for not having a smaller diameter shaft. This parameter can be:
Bearings - The bearings are the limiting component, meaning that no bearing from the
database in KISSsoft® with a smaller inner diameter could achieve the 20000h life
requirement.
Shaft - The shaft is the limiting component, meaning that a smaller shaft could not meet
the minimum fatigue and static safety of 1.2.
Table 3.8: KISSsoft® cylindrical gear module input parameters regarding the single
branch arrangement
Gear type Single Helical Double Helical
Stage 1 2 1 2
Pinion Gear Pinion Gear Pinion Gear Pinion Gear
m [mm] 7 14 7 14
z 27 102 21 79 28 106 23 87
α [◦] 20 20 20 20
β [◦] 15 15 15 15
a [mm] 469 725 486 802
b (gap8) [mm] 130 130 170 170 140 (10) 140 (10) 190 (20) 190 (20)
x* [mm] 0.2936 -0.0663 0.314 -0.2921 0.2597 -0.1945 0.345 0.0078
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Table 3.9: Gear dimensioning results from KISSsoft® report regarding the single branch
arrangement
Gear type Single Helical Double Helical
Stage 1 2 1 2
Pinion Gear Pinion Gear Pinion Gear Pinion Gear
Operating pitch
diameter [mm] 196.33 741.67 304.5 1145.5 203.1 768.9 335.38 1268.62
Mass [kg] 427 1398 509 2003
Efficiency [%] 99.50 99.29 99.52 99.43
Root Safety 1.51 1.41 1.51 1.41 1.50 1.41 1.51 1.41
Flank Safety 1.32 1.32 1.16 1.16 1.31 1.31 1.19 1.20
Scuffing Flash 1.78 0.85 2.03 1.60
Safety Integral 2.24 1.74 2.39 2.24
Contact Transverse 1.58 1.55 1.61 1.53
Ratio Overlap 1.53 1.00 0.77 0.5
Table 3.10: Shaft dimensioning results from KISSsoft® report regarding the single
branch arrangement
Gear type Single Helical Double Helical
Shaft Input Intermediate Output Input Intermediate Output
Diameter [mm] 140 240 200 130 190 190
Mass [kg] 109 283 221 94 178 200
Max. deflection [mm] 0.212 0.057 0.138 0.324 0.140 0.186
Fatigue safety 3.33 5.16 1.29 3.43 3.30 1.31
Static safety 5.89 7.55 1.83 5.10 4.20 1.58
Limiting factor Bearings Bearings Shaft Bearings Bearings Shaft
As for the double branch arrangement, in order to have a more balanced and less
complex gearbox, both intermediate shafts were considered equal. However, the loads
applied on both shafts have different directions, with the forces in the right intermediate
shaft10 resulting in a more severe load. Therefore, a symmetry limiting factor was added
as the limiting factor for the left intermediate shafts. Tables 3.12, 3.13, 3.14 and 3.15
present de data regarding the double branch arrangement.
8 Only applicable to double helical gears. These have a gap separating the helixes for easier manufacture
and lubrication purposes.
9Size presented in the form of (inner diameter)/(outer diameter)× (width).
10The intermediate shaft side is determined from the point of view of someone looking at the gearbox
from de input side, as shown in figure 3.11b
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Table 3.11: Bearing dimensioning results from KISSsoft® report regarding the single
branch arrangement
Gear
Type Shaft Model Size
9[mm] Life [h] Losses [W ]
Si
ng
le
H
el
ic
al Input Koyo 32328R 140/300×107.75 29092 2766Koyo 31328JR 140/300×77 22440 2268
Intermediate
Koyo 32248 240/440×127 28377 1756
NSK 32348 240/500×165 23948 2995
Output
NSK 30340 200/420×89 26032 335
NSK 30340 200/420×89 20830 356
D
ou
bl
e
H
el
ic
al Input INA LSL 192326-TB 130/280×93 26421 1827
Koyo NH226R 130/330×64 26772 1061
Intermediate
Koyo NH2338 190/400×132 24805 1405
Timken NU2338EMA 190/400×132 24371 1803
Output
Koyo N238 190/340×55 21020 124
Koyo NH2238R 190/340×92 20368 316
Table 3.12: KISSsoft® cylindrical gear module input parameters regarding the double
branch arrangement
Gear type Single Helical Double Helical
Stage 1 2 1 2
Pinion Gear Pinion Gear Pinion Gear Pinion Gear
m [mm] 6 10 6 10
z 24 91 24 91 25 94 25 95
α [◦] 20 20 20 20
β [◦] 15 15 15 15
a [mm] 359 599 371 623
b (gap11) [mm] 100 100 140 140 110 (10) 110 (10) 160 (20) 160 (20)
x* [mm] 0.33 -0.0196 0.3412 0.0384 0.3098 -0.0723 0.302 -0.1166
Table 3.13: Gear dimensioning results from KISSsoft® report regarding the double
branch arrangement
Gear type Single Helical Double Helical
Stage 1 2 1 2
Pinion Gear Pinion Gear Pinion Gear Pinion Gear
Operating pitch
diameter [mm] 149.84 568.16 250.02 947.98 155.88 586.12 259.58 986.42
Mass [kg] 390 822 471 1077
Efficiency [%] 99.37 99.36 99.41 99.38
Root Safety 1.52 1.41 1.51 1.40 1.50 1.40 1.50 1.40
Flank Safety 1.23 1.23 1.25 1.25 1.21 1.22 1.21 1.22
Scuffing Flash 1.67 1.70 2.12 2.22
Safety Integral 2.26 2.28 2.46 2.50
Contact Transverse 1.54 1.54 1.56 1.57
Ratio Overlap 1.37 1.15 0.69 0.58
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Table 3.14: Shaft dimensioning results from KISSsoft® report regarding the double
branch arrangement
Gear type Single Helical Double Helical
Shaft Input Inter right Inter left Output Input Inter right Inter right Output
Diameter [mm] 110 160 220 80 130 190
Mass [kg] 48 98 223 26 64 167
Max. deflection [mm] 0.078 0.057 0,041 0,042 0,183 0,136 0,092 0,098
Fatigue safety 2.93 3.96 4,27 1,33 1,56 2,31 3,27 1,32
Static safety 4.57 5.69 5,97 1,83 1,98 2,96 4.00 1,59
Limiting factor Bearings Bearings Symmetry Shaft Shaft Bearings Symmetry Shaft
Table 3.15: Bearing dimensioning results from KISSsoft® report regarding the double
branch arrangement
Gear
Type Shaft Model Size
12[mm] Life [h] Losses [W ]
Si
ng
le
H
el
ic
al
Input
Koyo 31322JR 110/240×63 30627 1286
NSK 30322 110/240×54.5 23051 1133
Inter right
FAG 32232-A 160/290×84 23165 642
Koyo 32332 160/340×121 20351 1001
Inter left
SKF T4DB 160 160/220×32 22110 149
NSK 32332 160/340×121 33450 886
Output
NSK 32244 220/400×114 25177 696
Koyo 30344 220/460×97 23738 868
D
ou
bl
e
H
el
ic
al
Input
SKF NU 2316 ECP 80/170×58 31970 510
SKF NU 2216 ECP 80/140×33 34294 239
Inter right
Koyo NH2326R 130/280×93 23437 573
INA LSL 192326-TB 130/280×93 25589 521
Inter left
Koyo N226 130/230×40 24147 129
Koyo NH2326 130/280×93 20214 550
Output
FAG N238-E-M1 190/340×55 24285 144
Koyo NH2238R 190/340×92 21969 310
11See footnote 5.
12See footnote 6.
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3.2.5.3 Comments
Starting with the gear dimensioning, we can infer the following:
• Double helical gear, in both arrangements, require the same or higher number of
teeth to achieve the minimum tooth root safety of 1.4, resulting in larger gears;
• Dividing the torque with the double branch arrangement allows the use of much
smaller gears. Even accounting for the duplicate gears, the total mass is lower
compared to single branch solutions, as seen in 3.16;
• Efficiency variation is small and is dependent of many parameters, profile shift
coefficient included, which are hard to control for comparison;
• All solutions have a tooth flank safety higher than the minimum safety of 1;
• The scuffing safeties are substantially higher in the double helical gears solutions.
Double branch arrangements solutions also have higher scuffing safeties, particu-
larly in the 2nd stage;
• Single helical gears have a higher total contact ratio13, having double the overlap
contact ratio of double helical gears, with similar values for transverse contact ratio.
As for shafts and bearing, the following can be said:
• Bearings are the main limiting factor in shaft dimensioning, with most shafts being
overdimensioned regarding fatigue and static safeties;
• Single helical gear solutions require larger bearings due to the need to support the
same radial load plus the axial load;
• The double branch arrangement, by splitting the torque and assuring a more planar
configuration, results in smaller bearing reaction forces, allowing smaller bearings,
which result in smaller shaft diameters. Even accounting the extra intermediate
shaft, both double branch solutions have a lower total shaft weight than the single
branch solutions, as seen in table 3.16;
• Bearing power loss is highly dependent of bearing size, with the solution with the
smallest bearings, the double branch/double helical solution, having less than a third
of the power loss than the one with the largest bearings, the single branch/single
helical solution, as seen in table 3.17.
Although all the former statements are true, some are more significant and will
lead to the choice of the solution to implement. Regarding gear dimensioning, the main
13total contact ratio = transverse contact ratio+overlap contact ratio
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Table 3.16: Total gear and shaft mass for each solution
Single Branch Double branch
Single helical Double helical Single helical Double helical
Gears 1825 kg 2512 kg 1212 kg 1548 kg
Shafts 613 kg 472 kg 467 kg 321 kg
Total 2438 kg 2984 kg 1679 kg 1869 kg
Table 3.17: Total bearing power loss for each solution
Single Branch Double branch
Single helical Double helical Single helical Double helical
10476 W 6536 W 6661 W 2976 W
diferences in the solutions are size, mass, scuffing safeties and overlap contact ratio. Of
all, size is the most important factor, as mass can be reduced using a webbed gear design,
scuffing safeties improved with a higher viscosity grade or an oil with a synthetic base
and a total contact ratio over 2 is usually sufficient to guarantee a smooth running of the
gearbox. Figure 3.13 shows the maximum width and height of the 2 arrangements with
double helical gears taking into account only center distance and operating pitch diameter.
It is clear that the double branch arrangement, besides having better mass distribution, is
a much more compact solution with roughly the same height but much lower width. Also,
looking back at table 3.7, we can conclude that the distance between the walls is lower
by comparing the distance between bearings. Overall, the double branch arrangement is a
more compact solution and the mass distribution will result in a more balanced gearbox.
As for gear type, the scuffing safeties outweigh size in importance, since the size diference
is small and better scuffing safeties may lead to using a lower quality and cheaper oil,
which in a gearbox this size will certainly reduce operation costs. Therefore, double
helical gears are preferred.
Regarding shaft and bearing dimensioning, both double helical gears and double
branch arrangement outperform their counterparts, with the solution where both are ap-
plied exhibiting the best results. The axial load in single helical gear solutions increases
the severity of the bearing reaction forces, requiring larger bearings to achieve the min-
imum life of 20000 h, which lead to higher power losses. As for gear arrangement, the
double branch solution has lower bearing reaction forces than its counterpart, due to the
low shaft angle, which cancels the horizontal component of the radial force and the ver-
tical component of the tangencial force generated by the meshing gears in the input and
output shafts, and the torque split, which results in transferring half the load to the inter-
mediate shafts, resulting in smaller and more efficient bearings.
3.2 Test rig design and component selection 33
Overall, the double helical/double branch solution offers a more efficient and com-
pact design for the reduction gearbox, being the chosen design for further optimization.
(a) Single branch
(b) Double branch
Figure 3.13: Width and height comparison (in mm) between the single and double
branch arrangements
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Chapter 4
Reduction gearbox optimization
In this chapter, the final gearbox solution is presented by furthering the analysis of the
double helical/double branch solution and adding all the necessary component not con-
templated in the former simulations in order to obtain a fully functional gearbox. The
following sections will showcase the optimisation decisions made, comparisons between
the previous solution’s and the new results and the components taken for manufacturers’s
catalogs.
4.1 Gears
The heart of a gearbox is, as the name implies, the gears, so the optimization of these
components is essencial. KISSsoft® sizing tools allow a good approximation of the opti-
mal result regarding the main gear parameters. However, additional modifications enable
a better performance and more economic gears, such as:
• Selecting an adequate oil for this type of application;
• Adding tip relief and analysing how it improves the meshing performance;
• Lowering the mass, as there is no need for such massive gear to transmit the torque
and leads to less expensive gear with lower inertia;
Each one of these modifications will be applied to the double branch/double helical
solution obtained in the previous chapter without changing any gear parameters to anal-
yses their individual impact on the performance. The final section will present the gear
input and performance data for the final optimized gears where all design updates will be
applied.
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4.1.1 Tip relief analysis
When dimensioning gears, besides the standard gear parameters, other changes can be
made to improve the performance, such as tooth profile modifications14. Traditional gears
are classified as involute gears, which translates to their tooth profile being the involute
of a circle. This geometry is responsible for the smooth meshing of gears and minimal
variation of speed and torque. However, deflection during loading and manufacturing
errors result in a tooth geometry different than the ideal involute form, which results in
gears not performing as they should in theory. This can cause premature contact and
excessive contact pressures at the tooth tip and root, which ultimately result in increase
in noise and premature failure[19]. To reduce these effects, profile modifications can be
applied, with tip relief being one of the most common to eliminate tip interference. This
is done by removing a small amount of material, a few micrometers thick, from the tip as
shown in figure 4.1.
Figure 4.1: Tip relief on a gear tooth [21].
KISSsoft® allows various profile modifications, though, in this work, only tip relief
will be analysed. The software is able to calculate the optimal tip relief and the values
presented in table 4.1 were used. The tip radius Pan did not influence the calculation and
was not determined.
Table 4.1: Tip relief parameters used
1st Stage 2nd Stage
Tip relief coefficient [µm] 60 100
Tip relief length [mm] 5.14 8.67
14Also called tooth flank modifications or flank corrections.
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In this analysis, not only will the influence of tip relief on the double branch/double
helical solution results from the previous chapter be calculated, but also its influence
on the micropitting safety of the chosen oil, Optigear™ Synthetic 1710, since contact
pressure is directly related to micropitting. Tables 4.2 and 4.3 present the performance
comparison between no and optimal tip relief.
Table 4.2: Influence of tip relief on gear performance
Without tip relief With tip relief
Stage 1 2 1 2
Pinion Gear Pinion Gear Pinion Gear Pinion Gear
Root Safety 1.50 1.40 1.50 1.40 1.53 1.42 1.53 1.42
Flank Safety 1.21 1.22 1.21 1.22 1.22 1.23 1.23 1.24
Scuffing Flash 2.12 2.22 2.03 2.11
Safety Integral 2.46 2.50 3.23 3.58
Table 4.3: Influence of tip relief on micropitting safety for Optigear™ Synthetic 1710
ISO VG 320 oil
Without tip relief With tip relief
Stage 1 2 1 2
Micropitting safety 2.37 1.93 3.69 2.77
Looking at the results, there are some diferences between both solutions. Firstly,
there is a slight increase in tooth root and flank safety. Although small, this improvement
allows change in gears’ center distance and profile shift coefficients to achieve a more
efficient meshing. For example, if we increase the center distance slightly and change
the profile shift coefficients for optimal specific sliding, a power loss reduction of almost
1 kW is achieved, maintaining the root and flank safeties above the minimum values. Re-
garding the scuffing safeties, there is a slight decrease in the flash temperature safety and a
considerable increase in the integral temperature safety. This makes drawing conclusions
quite difficult, as there is a large discrepancy between both safeties. However, seeing that
both safeties are above their minimum values, one can say that tip relief does not reduce
scuffing safety. Lastly, as expected, tip relief greatly increases the micropitting safety.
In conclusion, even thought it is a minor alteration of the gear tooth geometry, tip
relief has a relevant impact on the performance, increasing all gear safeties. Although the
machining of this feature has it’s costs, the potencial savings from other sources, such as
operational and maintenance costs, make this feature a good investment.
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4.1.2 Lubricant selection
Proper lubricant choice is fundamental to avoid premature failure of the bearings and
gears, as they lower the friction between moving parts, reducing wear and power loss,
and allow the evacuation of the heat generated by these components.
Knowing that this application is quite demanding, an ISO VG 220 mineral oil is
not the appropriate choice of lubricant. In other to find an adequate solution, one must
determine some guidelines, like for what purpose and in what conditions is the oil being
used, to aid the search in the manufacturers’ catalogs. Firstly, compatibility with wind
turbine gearboxes is ideal, since the gearbox being dimensioned is similar to those found
in wind turbines. Also, the presence of additives in the oil, especially Extreme Pressure
(EP) and Anti Wear (AW), is recommended seeing that this is a high torque application.
Another important aspect is to verify the need for a circulatory lubrication system
to evacuate the heat generated, in addition to the lubrication of gear and rolling bearings.
Regarding the chosen solution in the previous chapter, the heat generated by gears and
rolling bearings friction15 alone is approximately 33 kW, without considering churning
losses16. This heat must be evacuated or will cause the rise of the gearbox’s internal tem-
perature, which worsens the lubricant properties and will deteriorate components. The
components exposed to the outside, mainly the housing, evacuate the heat through con-
duction, convention and radiation. However, in case this heat evacuation is not sufficient,
a circulatory lubrication system should be installed, taking the oil from the gearbox, cool-
ing it and pumping it back into the gearbox at the service temperature, 70◦C in this case.
Therefore, a estimate of the heat evacuated through the gearbox housing is necessary. The
heat evacuated can be calculated with the following equation [22].
H =Ccr Ac ∆t (4.1)
where
• H is the heat evacuated through the housing,
• Ccr is the combined heat transfer coefficient given by figure 4.2,
• Ac is the area of the housing exposed to air,
• ∆t is the temperature diference between the oil and ambient air,
15These losses and seal friction loss are called load power losses, as they are load dependent. However,
this seal friction loss is negligible and will not be considered.
16Also called no-load losses, as they are not load dependent. These are not calculated in KISSsoft®
modules used in the previous chapter.
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Figure 4.2: Combined heat transfer coefficient in function of housing area in imperial
units [22]
Estimating a parallelepiped shaped housing with dimensions 1.4×1.4×0.5m 17,
which results in a total surface area of 6.72 m2, and after converting to SI units18, we
obtain a combined heat transfer coefficient of about 21 Wm-2K-1. Considering a tem-
perature diference of 40 K between the oil and ambient air, the energy dissipated by the
housing is just 5645 W. This value is too low and so a circulatory lubrication system is
recommended.
Looking at the lubricant database found in KISSsoft® , there is a wide selection
of different oils and greases from several manufacturers. From all, it was decided that
Castrol offered the ideal variety of oils to compare and analyse, with three oil families,
each one with three to five different Viscosity Index, while the others had too little or too
many oil families for comparison. The three families are: Optigear™ Synthetic 171019,
Optigear™ Synthetic X and Optigear™ Synthetic A. Starting with the oil base, Synthetic
1710 has a mineral/PAO semi-synthetic oil base and both Synthetic X and Synthetic A have
a fully synthetic PAO oil base, which generally translates to Synthetic X and Synthetic A
having better performance and being more expensive than the Synthetic 1710. Examining
the products data sheet [23], they all have similar descriptions, such as high load carrying
capacity and good wear prevention, and a Plastic Deformation (PD) additive that enables
micro-smoothing of surfaces without increasing wear. This reduces the roughness which
improves wear resistance and minimizes friction losses. All are recommended for usage
17Based on dimensions of the double branch arrangement solution presented in table 3.7 and figure 3.13.
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19Previously called Tribol 1710.
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in demanding applications such as wind turbines. As for their characteristics, each family
has several viscosity grades available. However, most wear and fatigue tests are only done
on the ISO VG 320 oils, meaning this viscosity grade is the standard for each oil family.
As such, the ISO VG 320 oils for the three families properties are presented in table 4.4
and will be compared in KISSsoft® with an ISO VG 320 standard mineral oil to assess the
increase of performance. Knowing that a circulatory lubrication system is required, the
type of lubrication parameter in KISSsoft® is modified from "oil bath" to "oil injection",
as the oil is pumped into the gearbox.
Table 4.4: Characteristics of the Optigear™ Synthetic 1710, Synthetic X and Synthetic A
ISO VG 320 oils [23]
Oil family Synthetic 1710 Synthetic X Synthetic A
Density @ 15°C
[
kg/m3
]
875 852 870
Kinematic viscosity @ 40°C
[
mm2/s
]
320 325 330
Kinematic viscosity @ 100°C
[
mm2/s
]
31.2 34.9 33
Viscosity index 138 152 140
Flash point [◦C] 240 250 220
Pour point [◦C] -30 -33 -36
Table 4.5: Influence of different oils on gear performance
Oil Mineral oil Synthetic 1710
Stage 1 2 1 2
Efficiency [%] 99.42 99.39 99.54 99.52
Scuffing Flash 1.94 2.05 3.05 3.22
Safety Integral 2.44 2.49 3.29 3.36
Micropitting Safety - - 2.37 1.93
Oil required [l/min] 22.8 23.6 18.1 18.7
Oil Synthetic X Synthetic A
Stage 1 2 1 2
Efficiency [%] 99.54 99.52 99.54 99.52
Scuffing Flash 3.16 3.33 4.50 4.75
Safety Integral 3.31 3.38 4.66 4.75
Micropitting Safety 2.33 1.89 2.35 1.91
Oil required20 [l/min] 18.0 18.7 18.1 18.8
20Per meshing.
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Looking at the KISSsoft® results in table 4.5, the main diference were in the scuff-
ing safeties and meshing efficiency, with no change in root and flank safeties. This is
expected, as the lubricant’s main function is to reduce friction and wear between the mesh-
ing gears and the root and flank safeties express the gears’ ability to withstand the torque
being applied, depending on the stresses on the teeth and material properties such as yield
strength and surface hardness. Also, in this analysis, two new very relevant KISSsoft®
outputs appeared, namely the micropitting safety and the oil flow requirement. The mi-
cropitting safety calculation, specified in ISO/TS 15144-1[24], uses analytical methods
and data obtained from testing the oil in gear research centers (FZG tests) to determine
the gears’ resistance to micropitting. KISSsoft® does not calculate the micropitting safety
for the mineral oil because, being a generic oil, there is no FZG tests data relative to mi-
cropitting. Furthermore, flank surface roughness also is an important parameter in the
calculation of the micropitting safety. Seeing that this is a torque load application, an
arithmetic mean roughness Ra of 0.6µm and a mean roughness height Rz of 4.8µm were
chosen, corresponding to a quality class between a precise and normal cutting of the gear
teeth[25]. Although KISSsoft® has a default required safety value of 2 for micropitting,
it gives no information justifying this value, therefore not to much importance will be
given to the results meeting the default required safety. As for the oil flow required, it
specifies the quantity of oil flow needed for each meshing to guarantee proper lubrication.
However, a higher oil flow may be necessary to evacuate the heat generated by the gears.
Moving to a more detailed analysis, the total meshing efficiency increases 0.25%
when changing from a mineral oil to any of the Castrol oils, which, in a 2.5 MW rated
power gearbox, results in a power loss reduction of 6250 W. This is a considerable reduc-
tion, more than double the bearing heat generation calculated in the previous chapter for
this solution. However, the most relevant improvement was in the safety factors against
scuffing. While the mineral oil barely meet the minimum scuffing safety value of 2 for
flash temperature, all Castrol oils have scuffing safeties well above the required values,
with the Synthetic 1710 and Synthetic X having similar results and Synthetic A having
more than double the required safeties. Regarding micropitting safety, all Castrol oils
have a very similar results around the required safety. Finally, for oil flow required, all
Castrol oils perform better than the mineral oil, requiring less oil quantity to guarantee
proper lubrication, with around 73.5 l/min.
In conclusion, the three oils tested outperformed the mineral oil, with major im-
provements in efficiency and scuffing safeties. The increase in efficiency, which results in
less heat generation, leads to less oil flow required to evacuate that heat and the increase
of scuffing safeties prevents premature failure of the gear teeth’s surface. Taking all into
consideration, Optigear™ Synthetic 1710 is the best choice. Seeing that all Castrol oils
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have similar results and meet the required scuffing safeties, the fact that this oil is semi-
synthetic makes it a cheaper oil then the other synthetic oils tested. Since that a large oil
flow is required to lubricate and evacuate the heat, this can lead to relevant reductions on
operational and maintenance costs.
4.1.3 Mass reduction
There are various solutions for reducing the mass of a gear. The most common is choosing
a webbed gear design, with the implementation of lightning holes or spokes furthering
weight reduction. However, while these designs reduce the mass, they require machining
of these features, resulting in the waste of great amounts of material, which is costly.
Instead a welded webbing construction is chosen, with a ring gear and hub connected by
a welded sheet metal center rib and several sheet metal ribs as seen in figure 4.3. The
center rib transmits the load between the ring gear and hub, while the ribs give the whole
structure more rigidity and stop the center rib from bending. Since the pinions teeth root
diameter is close to the shaft diameter, this solution is only applied to the gears. For
this solution, the parts must be welded before cutting the teeth on the ring and finishing
the bore and keyway on the hub, as welding afterwards would make nearly impossible
to achieve the desired gear parameters, such as center distance, and require geometrical
tolerances, such as coaxiality and concentricity tolerances between the hub and the ring
gear. By welding before the machining, gear parameters and the former geometrical
tolerances can easily be controlled as the structure can be considered a single part. After
welding the components and machining the ring gear and hub to the required dimensions,
the part must be heat treated, namely carburized, in order to achieve the needed teeth
surface hardness. Although a structural steel could easily meet the required safety against
yield failure in the webbing, the complications that can arrive from welding different
materials and the possibility of the metal becoming too brittle after carburizing makes the
use of the same G15 Special steel used in the ring gear and hub a preferable option.
As for the dimensioning of the webbing, there are two possible types of failure:
center rib or weld joint failure. Regarding center rib failure, the only relevant stress is the
shear stress generated by the torque being transmitted. The following equation allows the
calculation of the allowable shear stress for a given section.
τadm =
F
A
=
M/r
2 pi r tweb
=
M
2 pi r2 tweb
(4.2)
where tweb is the web thickness.
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Figure 4.3: SolidWorks® simplified model of the welded webbing solution
For weld joint failure, first the type of weld must be determined. For this applica-
tion, a fillet weld is chosen as the metal sheets are perpendicular to the hub and ring gear.
According to [26], to calculate the admissible stress, the type of solicitation must first be
determined. The stresses and resistant section to be considered are displayed in figure
4.4. The parallel normal stress σ// is not considered as it has been proved experimentally
that it has a negligible influence. The weld seam equivalent stress is calculated using the
following equation
σ2eq = σ
2
⊥+λ
(
τ2// + τ
2
⊥
)
(4.3)
where λ is usually 1.8. In order to simplify the calculations, ISO/R 617 states that one
should project the resistant section, called throat section, and the stresses 45◦ onto one of
the seam sides, as shown in figure 4.5, as it is easier to determine the loads action on the
seam sides. Projecting the stress vectors onto the side plane and rewriting equation 4.3,
we obtain
σ2eq = 1.4
(
n2+ t2⊥
)−0.8 n t⊥+1.8 t2// (4.4)
The admissible stress is calculated by
σadm = α σeq (4.5)
where α is a coefficient that is dependant on the throat thickness a, as shown in the
following equation. To note that throat thickness cannot be lower than 3 mm.
α = 0.8
(
1+
1
a
)
(4.6)
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Figure 4.4: Stresses and resistant sections to be considered in a weld seam [26]
In this application, the torque load only applies a parallel shear stress on the seam
sides and is calculated by
τ// =
M
2 pi r2 a nseam
(4.7)
where nseam is the number of seams. Seeing that the webbing is welded on both sides, that
number is equal to 2. Combining equations 4.4 to 4.7, we obtain
σadm =
√
1.8 α
M
4 pi r2 a
(4.8)
The safety factors can be determined by
σmat = σadm×Safety factor and τmat = τadm×Safety factor (4.9)
with σmat = 2τmat .
Looking at equations 4.2 and 4.8, we can conclude that the maximum admissible
stress for both cases is when the radius is the lowest, in other words, at the connection
with the hub. The hub has a groove for the key joint, therefore, the outside diameter has
to be large enough to accommodate that groove. Knowing the shafts diameter, the groove
heights can be determined by consulting DIN 6885. It was determined that a hub thickness
of approximately 4 times the groove height was sufficient to guarantee the integrity of the
hub. The ring gear’s rim thickness, which is the thickness of material beneath the teeth, is
2 times the tooth height as recomended by [19], resulting in 27 mm and 45 mm regarding
Figure 4.5: Projected throat and projected stresses to be considered [26]
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the 1st and 2nd stages respectively. For the center rib, 10 mm and 20 mm steel sheets
were selected for the 1st and 2nd stage gears respectively. Finally, the throat thickness
determined for the 1st and 2nd stage gears are 5 mm and 10 mm respectively. Tables 4.6
and 4.7 display the input parameters and results for both failure calculations.
Table 4.6: Center rib failure input parameters and results
Stage 1 2
Input
M [kNm] 30 226.8
d [mm] 190 275
tweb [mm] 10 20
τmat [MPa] 425
Results τadm [MPa] 52.9 95.5
Safety factor 8.0 4.5
Table 4.7: Weld seam failure input parameters and results
Stage 1 2
Input
M [kNm] 30.0 226.8
d [mm] 190 275
athroat [mm] 5 10
σmat [MPa] 850
Results
τ// [MPa] 52.9 95.5
σeq [MPa] 71.0 128.1
α 0.96 0.88
σadm [MPa] 74.0 145.6
Safety factor 11.5 5.8
Looking at the results, one can verify that the safety factors are quite high. This
is due to the fact that, even though the transmitted load is high, the large surface area
of the resisting sections combined with the high yield strength of the material chosen
counteracts its effect, leading to high safety factors. Reducing web and throat thickness
may not be the best option, for the following reasons:
• Thinner sheet metal may lead to loss of rigidity which will negatively impact the
gear meshing;
• Besides throat thickness in the 1st stage being almost at the minimum 3 mm limit,
smaller seam will be increasingly harder to weld properly;
• The equations presented and safety factors are for static solicitations and do not
account for dinamic loads, which, although not very severe, are present in this apli-
cation.
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With the safeties calculated, mass reduction can be addressed. To determine the
mass of the webbed gears, models for each gear were constructed in SolidWorks® (figure
4.3) and mass calculated by using the Mass properties tool. Even though the models are
not an accurate representation of the real gears, they give a good approximation of the
mass. Table 4.8 shows the mass reductions in each gear and in the total gear weight.
Table 4.8: Influence of the webbed design on the gear and total mass
Without webbing With webbing
Stage 1 2 1 2
Gear mass [kg] 228 950 81 345
Total mass [kg] 1548 649
As one can see, the implementation of a webbed design greatly reduces the weight
of the gears, with a reduction of 64% in both gears and 58% considering all the gears.
This drastic reduction of weight result in cheaper gears, lower loads on the shafts and
lower inertia.
Taking all into account, the webbed design proved to be a viable solution to reduce
the weight of the gear. However, even though the safeties calculated were high, other
studies regarding fatigue failure and vibration analysis can be used to validate and further
optimize the solution.
4.1.4 Results
Tables 4.9, 4.10, 4.11 and 4.12 contain the calculations regarding the optimizations,
KISSsoft® gear module’s input parameters and report results for the final optimized solu-
tion. In order to guarantee proper positioning and ease the machining of the hubs in the
housing, an angle of 14.92◦ between input and intermediate shafts and precise center dis-
tances were chosen so the relative positioning between shafts is rounded to the millimeter.
Table 4.9: Center rib failure input parameters and results regarding the optimized
solution
Stage 1 2
Input
M [kNm] 30 226.8
d [mm] 220 310
tweb [mm] 10 20
τmat [MPa] 425
Results τadm [MPa] 39.5 75.1
Safety factor 10.8 5.7
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Table 4.10: Weld seam failure input parameters and results regarding the optimized
solution
Stage 1 2
Input
M [kNm] 30.0 226.8
d [mm] 220 310
athroat [mm] 5 10
σmat [MPa] 850
Results
τ// [MPa] 39.5 75.1
σeq [MPa] 53.0 100.8
α 0.96 0.88
σadm [MPa] 55.2 114.5
Safety factor 15.4 7.4
Table 4.11: KISSsoft® cylindrical gear module input parameters regarding the optimized
solution
Stage 1 2
Pinion Gear Pinion Gear
m [mm] 5.5 8
z 22 83 27 102
α [◦] 20 20
β [◦] 15 15
a [mm] 299.08 537.34
b (gap) [mm] 140 (10) 210 (20)
x* [mm] 0.242 -0.230 0.323 0.077
Ca [µm] 70 90
h [mm] 4.77 7.09
Table 4.12: Gear dimensioning results regarding the optimized solution
Stage 1 2
Pinion Gear Pinion Gear
Operating pitch
diameter [mm] 125.33 472.83 224.93 849.74
Mass [kg] 170 450
Efficiency [%] 99.40 99.54
Root safety 1.48 1.4 1.52 1.41
Flank safety 1.16 1.16 1.33 1.33
Scuffing Flash 2.17 3.67
safety Integral 3.92 4.82
Micropitting safety 2.37 2.58
Contact Transverse 1.57 1.56
Ratio Overlap 0.97 0.98
Oil required [l/min] 23.47 18.03
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4.2 Shafts
Shafts are crucial components as they are responsible for transmitting power along the
drivetrain. Due to the large rated power, these components have a great impact on the
final weight and cost of the gearbox, so their optimization is required.
In the previous chapter, the shafts considered were just metal cylinders in order
to simplify the comparison. However, real gearbox shafts are not that simple, requiring
features such as keyslots for key joints and diameter variations in order to restrain com-
ponents so they don’t slide along the shaft for example. Such modifications may turn the
shaft more prone to fatigue failure, as they originate stress concentrations, locations with
high stress concentration caused by geometrical discontinuities that reduce the static and
fatigue stress of a component. Therefore, one of the main concerns was to avoid, as much
as possible, the presence of these stress concentrations between components transmitting
the torque load, as this is the zone with the highest stress and more prone to failure. In
addition, with the liberty to change the dimentions of the shafts at will in order to achieve
a more efficient solution, the limiting factor is hard to define and loses importance and
therefore will not be in the results. Table 4.13 contains the results for the shaft calcula-
tions.
Table 4.13: Shaft dimensioning results regarding the optimized solution
Shaft Input Inter right Inter left Output
Mass [kg] 40 94 84 240
Length [mm] 776.5 680 606 800
Max. deflection [mm] 0.192 0.227 0.154 0.199
Fatigue safety 1.47 1.20 1.83 1.22
Static safety 1.61 4.19 5.54 2.17
At first glance, comparing to the results from the previous chapter, this solution has a
worse performance, requiring larger diameters to achieve the minimal safeties. However,
the former shaft designs were too simple and had none of the features required in a real
gearbox shaft, which this last solution has. The main reasons behind this increase in
dimensions were:
• Changes in the gears, namely the facewidth, resulting in longer shafts for support
and larger diameters due to larger bending moments;
• Addition of key joints, which introduced stress concentrations at locations with high
stresses and the need for key dimentioning.
Key dimensioning will be addressed in a later section.
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4.3 Rolling bearings
Rolling bearings support all the components of the drivetrain and, as such, must be di-
mensioned properly to avoid premature failure. In this optimization process, various shaft
diameters at the bearing location were tested in order to achieve the smallest bearing pos-
sible, as these generate less heat.
KISSsoft® database proposes various rolling bearing from many manufacturers.
However, it makes little sense to order bearing from different sources and, as such, SKF®
was chosen to be the sole supplier of bearings for this application. One aspect to have in
mind when choosing rolling bearing is that they must allow small shaft length variations.
These are caused by the variation of the shaft temperature and generates unwanted loads
if the bearings are fixed. The two bearing designs used were the NU roller bearing and
deep groove ball bearing. The NU design can accommodate axial displacement of the
shaft relative to the housing, by sliding the inner ring along the roller. The deep groove
ball bearing does not allow relative motion between its rings and so requires a gap to slide
along the housing.
(a) NU roller bearing (b) Deep groove ball bearing
Figure 4.6: SKF® bearing designs [27]
Regarding bearing life calculations, instead of using the manufacturers formulas,
as in the previous chapter, a more accurate method was used, specified in ISO/TS 16281
[28] and ISO 281 [29], which calculates bearing life considering the influence of several
factors such as lubricant contamination, filtration, shaft tilting and misalignment. Using
this method, two new input parameters must be given: the contamination level and the
filter’s beta ratio. The contamination level is a set of three values that represent the number
of particles per milliliter of oil larger than 3 specific particle sizes, which in the ISO
standard are 4 µm, 6 µm and 14 µm. Figure 4.7 shows how to determine the contamination
level of an oil. As for the filter’s beta ratio, this parameter represents the particulate
removal efficiency of the filter, in other words, the filter’s capacity to remove particles of
a determined size. The beta ratio is calculated by the following equation [30]
βX =
nupstream ≥ Xµm
ndownstream ≥ Xµm (4.10)
50 Reduction gearbox optimization
where nupstream and ndownstream are the particle count before and after the filter larger than
Xµm.
In this example, the contamination level is 20/17/13.
Figure 4.7: Determination of an oil’s contamination level from the particle count [31]
Taking into account the available options in KISSsoft® , a setting with a contamina-
tion level of -/19/16 and β40 = 75 was chosen. Settings with lower contamination levels
and better beta ratios are available, which result in longer bearing life at an increased cost.
Table 4.14 contains the results for the final optimized solution.
Table 4.14: Bearing dimensioning results regarding the optimized solution
Shaft Model Size [mm] Life [h] Losses [W ]
Input
SKF *NU 318 ECP 90/190×43 36188 694
SKF *NU 215 ECP 75/130×25 49615 251
Inter right
SKF *NU 2230 ECM 150/270×73 31639 568
SKF *NU 2230 ECM 150/270×73 22784 582
SKF 6230 150/270×45 28161 140
Inter left
SKF *NU 230 ECM 150/270×45 100000 259
SKF *NU 2230 ECM 150/270×73 32540 498
Output
SKF *NU 240 ECMA 200/360×58 43954 111
SKF NU 2244 ECMA 220/400×108 44680 217
Looking at the results, one can see diferences between the former and optimized
solution. The total heat generated by the bearings is 3320 W, a slight increase from the
2976 W of the former solution. Larger bending moments on the shafts and an increase of
shaft diameters are responsible for this as they lead to the use of larger, more inefficient
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bearings. Another difference is the need of an additional bearing in the right intermediate
shaft. During the dimensioning stage, it was verified that using a larger roller bearing or
an additional ball bearing on the output side achieved the required bearing life. However,
the roller plus ball bearing solution was more efficient than a single larger roller bearing,
therefore being the chosen solution.
4.4 Key joints
Key joints are responsible for transferring power between shafts and gears. The high
torque load transmitted through the drivetrain generate shearing and crushing stresses
that the key must support. For the dimensioning of these components, the key connection
module in KISSsoft® was used.
The calculation method used is DIN 6892 Method B, as recommended by the soft-
ware and a minimum safety factor of 1.2 considered. By using KISSsys® , many input
parameters, such as torque and shaft diameter, are automatically added to the key connec-
tion module, as they result of the previously dimensioned components. Due to the high
torques being transmitted, the same alloyed steel used for the shafts, G 12, was chosen
for the keys. However, while dimensioning, it was verified that the safeties of the keys
in the intermediate shafts were much higher than those of the input and output shaft, not
justifying the use of the alloyed steel. This is due to the torque split, which greatly re-
duces the applied load on the keys. For this reason, a less expensive steel was chosen
from the Ramada® catalog [20], namely the carbon steel M 7 (Euronorm C 60). How-
ever, Ramada only has the mechanical properties of this steel in a normalized state, while
KISSsoft® has the heat treated steel. Therefore, the mechanical properties in table 4.15
are the values from the database in KISSsoft® .
Table 4.15: M 7 mechanical properties [20]
Yield strength Tensile strengh
520 MPa 800 MPa
Regarding the type of key used, type A round-ended parallel keys were chosen as
they are the most common type of keys used. Their dimensions are usually chosen using
DIN 6885, which determines several key and groove dimensions and lists the standard
lengths for specific shaft diameter intervals, in order to easily obtain these components
from manufacturers. However, in this case, not all keys follow this standard, namely the
output shaft keys. While dimensioning these keys, it was verified that using using 2 keys
of G12 steel with a length equal to the gear’s facewidth did not reach the minimum safety
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factor. Even by increasing the key length, which would require a gear sleeve, was not
sufficient, as the increase in key length gradually results in smaller increases of the safety
factor. Therefore, in order to avoid increasing the shaft diameter and having a oversized
shaft, the key height and both groove depths were increased, while maintaining the rest
of the dimensions according to the DIN standard. This way, it was possible to achieve
the required safeties, without the need for gear sleeves or increase of the shaft diameter.
Table 4.16 contains the most important key dimensioning results.
Table 4.16: Key dimensioning results
Shaft Size21 [mm] Material Quantityper gear Stress [MPa]
Safety
factor
Input 25×14×140 G12 1 622 1.24
Inter right 36×20×150 M7 1 476 1.2
Inter left 36×20×150 M7 1 476 1.2
Output 50×40×190 G12 2 622 1.24
4.5 Housing
The housing is the structure which contains and supports the gearbox drivetrain and all its
components and isolates them from the exterior. The housing can be divided in 2 parts:
the base, where all the mechanical components are mounted and the oil gathers, and the
top, which can be removed in case of maintenance.
The base is composed of three 20 mm steel sheets, two blocks, four pillars and two
profiles as feet welded together. The metal sheets make up the sides and bottom of the
base, the blocks house the bearings, the pillars provide additional support for the blocks
and the feet allow the housing to be fixed. For these components, carbon steel with good
weldability is ideal, seeing that there is little concern of rupture, due to low static and low
cyclical loads, and that the housing must be oil-tight. Consulting the Ramada® catalog
[20], the ST 52 carbon steel (Euronorm S355 J0) is the recommended choice for machine
elements which require wending. Table 4.17 presents its properties. As for the feet, a UPE
channel beam with parallel flanges (DIN 1026-2) was chosen as it offers proper support
and allows proper fixture of the gearbox to a table or floor. Ramada® does not provide
channel beam profiles so ArcelorMittal® was chosen as it has a wide selection of standard
beam profiles and can produce beams with ST 52 steel.
21width×height× length
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Table 4.17: ST 52 mechanical properties [20]
Yield strength Tensile strengh
355 MPa 470-630 MPa
As for the top, it is composed of three 5 mm steel sheets and an L-profile beam frame
that fits with the base, all welded together. These components are also ST 52 carbon steel,
for the same reasons presented previously.
The housing has some additional features:
• 4 windows with removable covers, 2 in the base and 2 in the cover, to look inside
the gearbox;
• 2 breather plugs to prevent pressure build up and a plug for oil drainage;
• 2 holes at the top and a hole at the bottom of the base oil feed and drainage required
for the circulatory lubrication system;
• Silicon seal in the L-profile beam frame and windows to avoid oil leakage;
• Shaft covers with face o-rings to prevent oil leakage.
Both window and shaft covers are made of regular carbon steel, as these compo-
nents are not loaded. F 10 (Euronorm C45E) carbon steel was selected from the Ramada
catalog [20] and it’s characteristics are presented in table 4.18. All the screws used are
ISO 4017 M6 hexagon head screws, with the exception of the ones securing the window
covers to the housing top, which are self drilling screws. This was necessary as the steel
sheet thickness of the top is too small to make a metric threaded hole. Selected from the
Emile Maurin® online catalog[32], their reference is 62434 5.5×25. Elesa® breather plugs
were selected [33] from its online catalog and their reference is SFP.30-22×1.5. As for
the o-rings, Parker® was the chosen supplier. Table 4.19 contains the different Parker®
numbers which correspond to different sizes. The material chosen for the o-rings was
nitrile butadiene rubber (NBR), a common synthetic rubber used for applications up to
100◦C. Since these o-rings are mounted between the covers and the outside walls of the
housing, there is little chance for these component to achieve such a high temperature.
Table 4.18: F 10 mechanical properties [20]
Yield strength Tensile strengh
325 MPa 580 MPa
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Table 4.19: Selected Parker o-ring seals numbers [34]
Input Side Output Side
Input Shaft 2-170 2-050
Inter Shafts 2-276
Output Shaft 2-281 2-282
4.6 Couplings
As stated in the previous chapter, at least 4 couplings are needed in the test rig, with an
extra coupling to possibly connect the 2 stage parallel gearbox to the planetary gearbox.
However, the bore sizes of most of these components cannot be determined as only the
shaft end dimensions of the motor shaft and input shaft of the parallel gearbox are known.
Focusing on the dimensioning of this coupling, the dimensions of the motor shaft end
are given by the manufacturer’s catalog. Table 4.20 contains the dimension of both shaft
ends.
Table 4.20: Shaft end dimensions of the motor and parallel gearbox shaft ends [13]
Shaft Motor Gearbox input
Diameter [mm] 170 80
Length [mm] 240 165
Looking at Rexnord catalog [17], although the 1040G20 coupling meets the re-
quired coupling rating, the bore size range available is between 63.5 mm and 164 mm,
which is lower than the motor shaft end diameter. Therefore, a larger coupling size must
be chosen. The 1045G20 has the required bore size range for this application and its
characteristics are in table 4.21.
Table 4.21: 1040G20 gear coupling’s characteristics22 [17]
Rated Maximum Bore size [mm]
Torque [Nm] Speed [rpm] min max
41996 3600 76.2 171.45
22Torque and bore size have been converted to metric units.
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4.7 Other components
Shaft seals
The shaft seals have the function of preventing the leakage and contamination of the oil
through the input and output shafts. These seals were selected from the SKF catalog [35].
The chosen seal design are the CRWA1 and the HMSA10 for the input and output shafts
respectively. The CRWA1 seals features include the SKF Wave lip design, which reduces
friction and is ideal for high speed shafts, an auxiliary non-contacting lip to exclude con-
taminants and a steel garter spring to guarantee that the seal is in contact with the shaft
at all times. HMSA10 seals have the same features, excluding the SKF Wave lip design,
but offer a wider selection of shaft diameters, especially for larger values. As for the lip
materials, nitrile rubber was chosen. It has a temperature range between -40 and 100 ◦C,
which is sufficient. Table 4.22 contains the characteristics of the chosen seals.
Figure 4.8: SKF® seal designs [35]
Table 4.22: Chosen seals characteristics [35]
Model Size [mm] Material Sealing lipconfiguration
Max shaft
surface speed [m/s]
CRWH1 90x115x16 Nitrile rubber SKF Wave 18
HMSA10 220x250x15 Nitrile rubber Straight 14
The shaft surface speed of the input shaft and output shaft are 14.1 m/s and 2.4 m/s
respectively, both below their seals’ maximum surface speed.
Retainer rings
Retainer rings allow the fixture of components to prevent them from sliding freely along
the shafts and housing. In this application, several retainer rings were used to fix the
bearing. The rings’ dimension and mounting were determined following DIN 471 and
DIN 472 for shaft and hub rings respectively. They were selected from the online catalog
of Seeger-Orbis® [36].
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Shaft spacers
Shaft spacers have the function of maintaining the distance between the components
mounted on the shaft and, combined with retainer rings, fix their position. These spacers
are not loaded, therefore the same F 10 carbon steel used for the covers was chosen for
these components.
Chapter 5
Drawings
In this chapter, the detail drawings of several components are presented, each one an ex-
ample of a particular type of component. Two assembly drawings were also constructed,
one which contains the the various views of the gearbox and one with section views to
show the inner components. However, these drawings, being too large to be part of this
document, are provided separately.
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58 Drawings
5.1 Housing base
The tolerances and roughnesses were determined based on DIN 471 regarding retainer
rings, SKF® specifications regarding rolling bearings [27] and KISSsoft® regarding bear-
ings housing.
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5.2 Spacer
The tolerances and roughnesses were taken from SKF® seal catalog [35] for the seal
housing, Parker® [34] for the o-ring housing and ISO 273 for the screw clearance holes.
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5.3 Parallel key
The tolerances were taken from DIN 6885.
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5.4 Pinion - 2nd stage
The tolerances and roughnesses were taken from the KISSsoft® report and selected in con-
formity with the respective shaft tolerances. All the gear parameters necessary for manu-
facture of this component is present in the KISSsoft® report in the Appendix.
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5.5 Window cover
The tolerances and roughnesses were chosen for proper fitting in the assembly.
1MATERIAL (Euronorm): C45E
DO NOT SCALE DRAWING
TITLE:
A4
SHEET 1 OF 1
Drawn by:
SCALE:1:3WEIGHT: 3 kg 
João Pedro Barbosa de Sousa
43 - Window cover
Faculdade de Engenharia da Universidade do Porto
Institution:
Date:
14th September 2016
2
2
3
ISO 2768-f
A A
B B
C C
D D
E E
F F
4
4
3
Tolerances acording to:
ISO 8015
General Tolerances acording to:
1
Ra  1.6
SECTION A-A
B
  
2
5
0
 h
1
0
  
  R1
0  
DETAIL B
SCALE 1 : 1
  15  
  R10  
6
,6
0
 H
1
3
  
  
5
  
  
  5  
SCALE 1:5
Ra  6.4 (  )
  280  
A
A
SOLIDWORKS Educational Product. For Instructional Use Only.
68 Drawings
5.6 Gear - 2nd stage
The tolerances and roughnesses were taken from the KISSsoft® report and selected in con-
formity with the respective shaft tolerances. All the gear parameters necessary for manu-
facture of this component is present in the KISSsoft® report in the Appendix.
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5.7 Shaft cover
The tolerances were selected in conformity with the respective shaft tolerances.
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5.8 Input shaft
The tolerances and roughnesses were determined based on DIN 471 regarding retainer
rings and the SKF® specifications regarding rolling bearings [27] respectively.
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5.9 Right intermediate shaft
The tolerances and roughnesses were determined based on DIN 471 regarding retainer
rings and the SKF® specifications regarding rolling bearings [27] respectively.
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Chapter 6
Conclusions and future work
6.1 Conclusions
The main objective of this dissertation is the design and dimensioning of a test rig for
efficiency measurements of wind turbine gearboxes with a rated power up to 2.5 MW.
However, a task of this scale is impossible given the resources and time available during
the course of this dissertation. Even thought, the first steps towards its completion were
given and some interesting conclusions were reached.
In the following topics, an overview of the various chapters and conclusions reached
will be presented.
Chapter 2
In Chapter 2, the relevance of the objective is determined. Even though it is a small
fraction of the total electricity produced, great investments are being made in equipments
which generate electricity using wind power, namely wind turbines. Knowing that the
majority of wind turbines installed are HAWTs with a traditional gearbox design, having
a test rig capable of reliably measuring the gearbox’s efficiency is advantageous for man-
ufacturers and repairmen, giving the energy producer precious information and putting
them ahead of other competitors.
Chapter 3
In Chapter 3, the structure of the test rig is determined. Various components were selected
from manufacturers catalogs according to the needed specifications and 4 different solu-
tions for the test rig gearbox were analysed. For this analysis, models were constructed
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in KISSsys® and the calculations done in KISSsoft® in order to compare their perfor-
mances. In the end, the double helical gear in a double branch arrangement was selected
as it offers a more compact and efficient solution.
Chapter 4
In Chapter 4, the addition of required components and features and the optimization of to
the chosen solution are presented. The studies conducted regarding the proposed modifi-
cations confirmed the added benefit of these modification in the final solution, reducing
the overall mass, increasing safeties and increasing the efficiency of the proposed gearbox.
Chapter 5
In Chapter 5, the detail drawings of several components constructed in SolidWorks® are
presented.
Final comments
Most of the results presented throughout this dissertation were based on calculation done
in KISSsys® and KISSsoft® . The extensive use and understanding of these softwares
was a major objective. Indeed, KISSsys® and KISSsoft® proved to be very useful and
powerful tools in the design and dimensioning of machine elements. The several modules
and vast database offer engineers the possibility to test a multitude of solutions according
to different international standards, making both softwares relevant all around the world.
6.2 Future work
Given the scale of the task proposed, a continuation of this work is needed to reach the
proposed objective. The following list shows the main additions and changes needed to
meet the objective:
• Dimensioning or selecting the planetary stage gearbox from a manufacturer and
selecting the remaining couplings required;
• Thermal analysis of the gearboxes and dimensioning of a circulatory lubrication
system capable of supplying both with the required amount of oil for lubrication
and heat evacuation;
• Selecting positioning tables capable of supporting, positioning and aligning the
components of the powertrain;
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• Developing a system capable of supplying the motor with the generators power;
• Connecting the measurement instruments to a data acquisition system;
• Drawing the detailed drawings of the remaining components;
• Any change deemed necessary to the presented solution based on new information
provided by these or other analyses.
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Appendix A
KISSsoft® report for the final optimized
solution
The missing pages in the report correspond to duplicate components, whose data is iden-
tical to the ones presented.
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